Abstract: The performance of imaging systems is inevitably degraded by aberrations of optical systems. Furthermore, images detected by long-distance imaging schemes also suffer blurring induced by atmospheric turbulence. To address this problem, we propose and demonstrate an aberration-free imaging procedure in this paper, which is termed pupil-size diversity technology. With no additional optical element, the reported technique first acquires several intensity images only by simply resizing the pupil of an imaging system. The spatial difference of pupil areas generates pupil diversity. Then, based on the nonlinear optimization method, a high-quality image eliminating distortions can be reconstructed by processing the multiple diversity images with the stochastic parallel gradient descent algorithm. Comparative results of simulations and experiments, for correcting inner and external aberrations, respectively, verify the validity. The proposed technology in this paper may provide an alternative for adaptive optics systems and find wide applications in computational photography and remote sensing.
Introduction
Image degradation caused by optical aberrations is a common problem in imaging schemes from astronomy to microscopy. To compensate for aberrations, the well-known adaptive optics technology has been widely used in telescopes [1] and microscopes [2] . The aberrations can be corrected well almost in real time by adaptive optics systems, at the expense of the usage of sophisticated and costly devices, such as Shack-Hartmann wavefront sensor and deformable mirrors.
Alternately, computational imaging methods reducing the complexity and expenses of the physical setup have also been proposed for removal of distortion-induced blurring. Specifically, based on digital holographic detection, some optimization algorithms using sharpness metric have succeeded in correcting atmospheric turbulence [3] , [4] and removing anisoplanatic blur [5] . However, the approaches are restricted to coherent imaging, which requires complex configurations and stringent conditions, suffering from the inevitable speckle noise. Blinddeconvolution is another widely researched digital approach to enhance image quality via removal of aberration effects [6] - [8] . The degraded images can be restored with an optimal solution searched by the procedure that the deconvolution fits the convolution degeneration model iteratively. Due to complex and spatial-varying aberrations, the pixel-wise operation is necessary for the deconvolution. Moreover, as an intrinsically ill-posed problem, it requires prior assumptions based on object statistic character [6] , which limit its wider applications, and sparsity constraints such as wavelet coefficients [7] and color priors [8] , which make the procedure quite time consuming. Recently, with good use of the high speed and parallelism of light transport, optical computing has been widely studied as an effective option for aberration compensation. Yue et al. have introduced an optical computing scheme to address lens-aberrations using the concept of deconvolution [9] . Despite its successful demonstration in image quality enhancement at a satisfied processing speed, the display-camera-based system makes it difficult for the method to be seamlessly embedded into other imaging schemes.
Phase diversity is another effective image-based technique for estimating and removing aberrations. It was first proposed by Gonsalves for wavefront sensing [10] and has been developed for image restoration [11] - [13] . Conventional phase diversity needs multiple image planes or defocusing optics introducing unstable factors for the system, such as misalignments of the extra optical elements and their own uncertain aberrations. Some modified methods of phase diversity relying on the gratings have been proposed [14] - [16] , with reduction of the light utilization and increasing of complexity of the physical setup. Besides, the recovery quality would be degraded with some intensity information easily submerged by the introduced known aberration, typically too serious defocus.
To solve the problem and compact the system, we propose a simple and effective imaging technique based on pupil diversity for digitally overcoming aberrations, termed pupil-size diversity technology (PSDT). Instead of introducing known aberration, the proposed technique utilizes a fast spatial modulation to generate diversity images. Specifically, the spatial modulation is realized by simply resizing the pupil of the system without any additional optical element. The images corresponding to pupil-size diversity are used to estimate the point spread functions (PSFs) of the imaging system with matching pupil sizes and then an aberration-free image is output by a multi-frame Wiener-Helstrom filter.
The reported technique is superior over the existing methods above in following ways. Firstly, it is an incoherent method without limitations of special conditions and priors of objects. Secondly, it can be implemented in most exiting imaging systems without requirement of some special optical element, such as gratings and display devices. Thirdly, it can correct both inner aberrations of optical systems and external atmospheric turbulence. Finally, using real spatial modulation of resizing the pupil as constraint information to help estimate the PSFs, instead of imposing regularizer terms or sparsity constraints on the deconvolution procedure, is more robust against noises and can produce much faster processing speed, with less possibility of non-convergence and falling into incorrect solutions.
The remainder of this paper is structured as follows. The theoretical principle of PSDT is presented in Section 2. In Section 3, we use numerical simulations to evaluate the performance of the reported technique for correction of Seidel aberrations and atmospheric turbulence. In Section 4, the experimental demonstration is given. Finally, the conclusions are summarized in Section 5.
Working Method of PSDT
As diagrammed in Fig. 1 , a series of differently aberrated images are captured with the pupil of an imaging system resized. The spatially annulus difference of areas of general pupil function marked with horizontal lines in Fig. 1 generates pupil diversity in the images formed by neighboring pupils. Then an aberration-free image is extracted from the raw diversity images by a nonlinear optimization using SPGD algorithm based on the maximum likelihood framework. Unlike conventional phase diversity, the diversity function is unknown due to the uncertainty of aberrations, while the changing sizes of the pupil need to be known as priors. It indicates a procedure sharing information between degraded images generated by smaller pupils suffering from less aberration effects and larger pupils having higher spatial resolution. The leading reconstruction image eliminates the distortion impacts, maintaining the same resolution as that offered by the largest pupil.
The incoherent imaging system can be modeled as
where d k ðx ; y Þ is the recorded image corresponding to the pupil of the k th size, oðx ; y Þ is the ideal image intensity, h k ðx ; y Þ represents the PSF of the incoherent imaging system with the k th size pupil, n k ðx ; y Þ is additive noise, denotes a convolution, and ðx ; y Þ are coordinates in image plane. As discussed in [17, Sec. 2] , the intensity PSF can be associated with the generalized pupil function corresponding to the k th size pupil P k ðu; v Þ, which is modeled as
where ðu; v Þ are pupil plane coordinates, p k ðu; v Þ is the binary pupil function for the k th size pupil, Z n ðu; v Þ is the nth order Zernike polynomial, and n is the Zernike expansion coefficient, regarded as the control parameters. In this way, the PSF of the incoherent imaging system is modeled as a function with respect to different pupil sizes known as prior knowledge and Zernike coefficients needed to be optimized. In the Fourier domain, based on the Gaussian log-likelihood framework, following [10] and [17] , we use the simplified metric below. Fig. 1 . Schematic of PSDT working procedure. An optical system, with a spatial modulation of resizing the pupil, generates several degraded images corresponding to different pupil sizes. Then, the timely collected images are computationally processed with pupil diversity method to output a highquality image with aberrations eliminated.
where ðf x ; f y Þ are 2-D coordinates in Fourier domain, K is the number of diversity images, D k ðf x ; f y Þ, Oðf x ; f y Þ, and H k ðf x ; f y Þ are 2-D Fourier transforms of d k ðx ; y Þ, oðx ; y Þ, and h k ðx ; y Þ, and H Ã k ðf Þ is the conjugate complex of H k ðf Þ. Then we can minimize the metric function of coefficients n to estimate the PSFs of the system with the corresponding pupil sizes using SPGD algorithm, which can achieve the maximum convergence speed if Zernike polynomials are chosen as a set of influence functions [18] . For more details about the steps of SPGD algorithm, see [17, Sec. 2] .
Finally, the image without aberrations can be reconstructed by using the following multi-frame Wiener-Helstrom filter with the estimated H k ðf Þ output by the optimized procedure above [19] :
where SNR k is the ratio of the average image signal power to the noise power, defined as
where h i n k denotes statistical averaging over noise ensembles of the k th size pupil channel. Compared with the conventional deconvolution algorithm of phase diversity, the multi-frame Wiener-Helstrom filter can provide an SNR benefit by explicitly taking into account the sensor noise. Further, as discussed in [19] , any restoration accuracy can be achieved by appropriate number of diverse pupils and the corresponding signal-to-noise ratio of each pupil channel.
Computational Simulation
In this section, we conduct a series of simulations to evaluate the performance of PSDT. Simulations are performed based on an imaging system with the pupil of 15 mm and the equivalent focus length of 300 mm. The spatially incoherent green light of 532 nm wavelength is used as imaging light. The spatial modulation is realized by changing the size of pupil to 15 mm, 13 mm, and 10 mm in proper order and then corresponding degraded images are captured. The simulated system parameters closely match our experimental setup. To improve the realism of the simulations, different white noise realizations with similar SNR level are included. SNR, in dB, used here is defined as SNR ¼ 20 lg½jOj 2 =hN 2 k i n k . Specifically, the corresponding SNRs of different pupil channels are 42 dB, 40 dB, and 38 dB, respectively.
Seidel Aberration Correction
First, the capability of PSDT for correcting inner aberrations of optical systems is examined. As well-known system aberrations in optical design, Seidel aberration terms meet the model of low-order modes of Zernike polynomials. Therefore, we use the first 11 order Zernike polynomials excluding the first three order (piston, x tilt, y tilt) to generate the system phase errors, including defocus, astigmatism, coma and spherical aberrations, with a peak-valley value of 15.5 rad and a RMS of 2.26 rad, which is shown in Fig. 2(a) , while a 1951 United States Air Force (USAF) resolution target is used as the object. As shown in Fig. 2(b1)-(d1) , raw images, degraded by loaded aberrations, are captured with the pupil resized, and their corresponding spectrums are presented in Fig. 2(b2)-(d2) . The three-color frames in Fig. 2(b)-(d) correspond to the different pupils denoted by the circular dotted lines of the same colors in Fig. 2(a) .
Then we use the proposed PSDT to reconstruct the aberration-free image. First, the wavefront is reconstructed with the updating procedure shown as converging curve in Fig. 3(a) . Fig. 3(b) shows the wavefront recovery and Fig. 3(b) shows the residual phase error with a RMS of 0.29 rad, which demonstrates the accuracy of the PSFs estimation. Then the image recovery is output by the multi-frame Wiener-Helstrom filter, as shown in Fig. 3(d) . Compared with Fig. 2(b1)-(d1) , it is easy to confirm that the sharpness of the recovery has been obviously improved and more bar elements can be resolvable, which intuitively verifies the viability and effectiveness of PSDT for correcting system aberrations. We also evaluate the restoration quality quantitatively by using the correlation coefficients (Co) as a metric, which is defined below and used in [20] and [21] Fig. 3(b) presents the spectrum of the recovery, which shows the same cut-off frequency as that corresponding to the 15 mm pupil shown in Fig. 2(b2) . In other words, the use of pupil-size diversity doesn't influence the system resolution. In this set of simulations, it is demonstrated that the PSDT can correct system aberrations without sacrificing the resolution.
Atmospheric Turbulence Correction
Then to expand the applications of PSDT and further demonstrate its effectiveness, phase errors imparted by atmospheric turbulence, which typically influence the performance of remote sensing schemes, are considered in this set of simulations. Based on a frozen turbulent medium assumption [22] , a Zernike representation of Kolmogoroff spectrum of turbulence is used to simulate the turbulent phase screen. The parameter D=r 0 , which presents the atmospheric turbulence strength, is chosen as 5. The first 65 order Zernike polynomials (piston, x tilt, y tilt excluded) are used to generate atmosphere turbulence phase screen with a peak-valley value of 9.02 rad and a RMS of 1.57 rad, shown in Fig. 4(a) . Another test image Lena is used here as the object. Fig. 4(b1)-(b3) show the distorted images corresponding to the pupil sizes of 15 mm, 13 mm, and 10 mm, respectively. Their corresponding Co values are 0.7409, 0.7771, and 0.7461, respectively. The wavefront is extracted from the raw images by using our proposed pupil diversity algorithm, as shown in Fig. 4(c) . Fig. 4(d) shows the residual phase error and the corresponding RMS value is 0.28 rad. Based on accurate PSFs estimation, the aberration-free image is reconstructed, as shown in Fig. 4(e) . It can be found that the sharpness is improved with more details obtained, and the corresponding Co value is increased to 0.9758. We also note that, as demonstrated above, aberrations are eliminated while the resolution maintains the same. This set of simulations validate the effectiveness of PSDT for quasi-static atmospheric turbulence correction.
Experimental Demonstration
We also implement the proposed technique on experimental data to further demonstrate the validity in this section. Our experimental setup closely matches the optical conditions simulated above, shown schematically in Fig. 5 . In the experiment, a LED light source (Thorlabs' product, M530L3, with 530 nm wavelength) with a rotating diffuser inserted into the illumination path is used to incoherently illuminate a USAF resolution test chart, which is about 7 m away from the lens. Then, the target is imaged by the optical system with a variable-size diaphragm against an imaging lens (with 50 mm diameter and 300 mm focal length). A CCD camera (PIKE F-032B) with a 640 Â 480 array of 7.4 um pixels is used for image acquisition. When an external phase screen (binary optics phase plate) is used to distort the imaging beam, atmospheric turbulence aberrations are simulated. Otherwise, without it inner aberrations are presented. Note that the mechanical resizing process in our prototype setup is only for proof-of-concept demonstration. In photographic systems, it can be realized by changing the f-number, while in some special conditions requiring quasi-real-time imaging, it can be replaced by a spatial light modulator or digital micromirror device.
Removal of Defocus Aberration
First, an experiment removing inner aberrations is performed based on the physical setup, shown schematically in Fig. 5 without a phase plate. That the CCD is out of the focus position generates common defocus aberration with some off-axis aberrations and the corresponding degraded images are recorded with the pupil resized to 15 mm, 13 mm, and 10 mm successively, as shown in Fig. 6(a)-(c) . They exhibit obvious blurring caused by aberrations with many details lost. Fig. 7(a) shows the optimizing evolutions indicating that 40 iterations are enough to guarantee convergence and Fig. 7(b) shows the reconstructed result of PSDT. Compared with Figs. 6(a)-(c), 7(b) presents enhanced bar contrast and greatly improved sharpness. From the contrast of the boxed amplified regions in red shown in Figs. 6 and 7, it can be found that more details blurred in raw images can be distinguished from the recovered one. The experimental results basically demonstrate the validity of PSDT for inner aberration correction.
Removal of Phase Screen Aberration
Further, we carry out another experiment to make PSDT more convincing for atmospheric turbulence correction by using the same setup with a phase plate shown in Fig. 5 . The raw images corresponding to the pupil sizes of 15 mm, 13 mm, and 10 mm are presented in Fig. 8(a)-(c) . It is obvious that the image qualities have been greatly decreased by the introduced aberrations.
Then we begin the reconstruction procedure. The converging curve of SPGD algorithm is shown in Fig. 9(a) , from which it can be seen that due to the complexity of the phase distribution the metric needs about 300 iterations to converge to the minimum value, and the reconstructed image is shown in Fig. 9(b) . Images shown in Fig. 8 are distorted by the phase plate, especially in the boxed areas in red, where the texture is badly blurred and the bar elements are hardly resolvable. By contrast, the high-quality image recovered by PSDT, shown in Fig. 9(b) , is greatly enhanced for both the bar contrast and sharpness, and the corresponding amplified area in red presents more sharp texture and more resolvable details. This further validates the effectiveness of PSDT to eliminate the blurring induced by the external aberrations. 
Conclusion
In conclusion, the approach to digitally overcome aberrations using pupil-size diversity technology has been proposed and demonstrated. First, simulations for correcting loaded Seidel and atmospheric turbulence aberrations are performed to validate the effectiveness of the technique. Then two experimental results removing defocus and phase-plate blur further prove the validity. Without any additional optical element, such as deformable mirrors, defocusing optics and gratings, the aberrations induced by lens and quasi-static turbulence can be removed with our proposed technique by simply resizing the pupil.
The modulation can be easily and conveniently realized by changing the f-number of photographic systems with the focal length retaining constant. With the advantages the proposed technique may find wide applications in computational photography using lighter and cheaper single lens. As for long distance imaging schemes, such as ground-based telescopes, to obtain faster imaging speed, a spatial light modulator or digital micromirror device is necessary. Then the proposed technique can overcome degradation induced by the relative weak turbulence in quasi-real-time and may provide an alternative for expensive and complex adaptive optics systems. Also, for relative strong turbulence, it can be used as a complementary post-processing method to compensate for low-order aberrations after adaptive correction.
